Codeine is bioactivated to morphine, a strong opioid agonist, by the hepatic cytochrome P450 2D6 (CYP2D6); hence, the efficacy and safety of codeine are governed by CYP2D6 activity. Polymorphisms are a major cause of CYP2D6 variability. We summarize evidence from the literature supporting this association and provide therapeutic recommendations for codeine based on CYP2D6 genotype. This document is an update to the 2012 Clinical Pharmacogenetics Implementation Consortium (CPIC) guidelines for CYP2D6 genotype and codeine therapy.
A systematic literature review focused on CYP2D6 and codeine use was conducted (Supplementary Data online). In addition to the information provided in the 2012 Clinical Pharmacogenetics Implementation Consortium (CPIC) guideline for CYP2D6 genotype and codeine therapy, 1 this document also addresses the recent US Food and Drug Administration (FDA) warning regarding codeine use in children following tonsillectomy with or without adenoidectomy, pediatric considerations, and additional considerations for use of alternative opioids metabolized by cytochrome P450 2D6 (CYP2D6). Furthermore, the accompanying Supplementary Data online has been updated.
GENE: CYP2D6 Background
More than 100 CYP2D6 alleles have been defined by the Cytochrome P450 Nomenclature Committee at http://www. cypalleles.ki.se. Clinical phenotype data are available for common alleles (Supplementary Tables S1-S5 online). However, many alleles have not been evaluated in clinical trials, and their clinical phenotypes are predicted based on the expected functional impact of their defining genetic variation or are extrapolated based on in vitro functional studies using different substrates.
Genetic test interpretation
Most clinical laboratories report CYP2D6 genotype using the star (*) allele nomenclature and may provide interpretation of the patient's predicted metabolizer phenotype. Single-nucleotide polymorphisms (SNPs) and other sequence variations, including insertions and deletions, are determined by genetic laboratory tests. The reference SNP number (rs number) for a SNP defines the specific genomic nucleotide alteration. Each star (*) allele (or haplotype) is defined by the presence of a specific combination of SNPs and/or other sequence alterations within the CYP2D6 gene locus. The key alleles are shown in Supplementary Table S1 online, and the key allele-defining SNPs and their respective impacts on CYP2D6 enzyme function are provided in Supplementary Table S2 online. Genetic results are reported as a diplotype, which includes one maternal and one paternal allele (e.g., CYP2D6*1/*4). In some cases, patients have more than two copies of the CYP2D6 gene; up to 13 gene copies have been described. 2 Those alleles are denoted by an "xN" following the allele designation, e.g., CYP2D6*2x2 (duplication; see Supplementary Data online for details). Additional details about allele nomenclature and definitions can be found at http:// www.cypalleles.ki.se/cyp2d6.htm, and information regarding the effects of allelic variation on CYP2D6 substrates can be found at the Pharmacogenomics Knowledgebase (http://www. pharmgkb.org/search/annotatedGene/cyp2d6/haplotype.jsp). CYP2D6 allele frequencies differ substantially among racial and ethnic groups. Supplementary Table S1 online summarizes the most important frequencies for various ethnic groups.
The combination of alleles is used to determine a patient's diplotype. CYP2D6 alleles are characterized as wild-type (normal function), reduced-function, or nonfunctional alleles based on the expected activity of the enzyme that they encode. Each allele is assigned an activity value, i.e., 0 for nonfunctional, 0.5 for reduced-function, or 1.0 for fully functional forms. 3 Supplementary Tables S3 and S4 online describe the activity score values assigned to selected alleles and example diplotypes, respectively. If multiple copies of the CYP2D6 gene are detected, the activity score is multiplied by the number of copies of each allele present. The total CYP2D6 activity score is the sum of the values assigned to each allele, which typically ranges from 0 to 3.0 but may exceed 3.0 in rare cases. 3, 4 The CYP2D6 activity score relates to the phenotype classification system as follows ( Table 1) : patients with an activity score of 0 are poor metabolizers, those with a score of 0.5 are considered intermediate metabolizers, and those with a score of 1.0, 1.5, or 2.0 represent a range of extensive metabolizers. Patients with a score > 2.0 are classified as ultrarapid metabolizers. The extensive metabolizer phenotype represents normal (wild-type) enzyme activity. [3] [4] [5] The incidence of poor and ultrarapid metabolizers varies greatly among populations (0-10% and 0-29%, respectively). Predicted phenotypes of common diplotypes are summarized in Supplementary Table S5 online.
Subjects with genotypes giving rise to an activity score of 1.0, which can be due to a diplotype containing one functional and one nonfunctional allele or containing two reducedfunction alleles, are classified by some investigators as intermediate metabolizers. Regardless of the term used to describe such individuals (extensive or intermediate metabolizer), their CYP2D6 activity is lower as compared with subjects having two fully functional alleles (with an activity score of 2.0) and higher as compared with subjects having one reduced and one nonfunctional allele (with an activity score of 0.5). Because there is no gold standard for phenotype classification, genotypes that result in CYP2D6 activity scores of 1.0, 1.5, and 2.0 are grouped together as extensive metabolizers in this guideline based on data specific for codeine metabolism (Supplementary Table S6 online).
Reference laboratories providing clinical CYP2D6 genotyping may use varying methods to assign phenotypes. Therefore, it is advisable to note a patient's CYP2D6 diplotype and to calculate an activity score before making therapeutic decisions about codeine therapy.
Available genetic test options
A number of academic and commercial clinical laboratories offer genetic testing for CYP2D6. Specific information on several of these laboratories, assays, and links to the product labels can be found at the Pharmacogenomics Knowledgebase (http://www.pharmgkb.org/resources/forScientificUsers/pharmacogenomic_tests.jsp) and the Genetic Testing Registry of the National Institutes of Health (http://www.ncbi.nlm.nih.gov/gtr/ tests/?term=cyp2d6).
Incidental findings
Currently, there are no diseases or conditions that are known to be linked to variation in the CYP2D6 gene independently of drug metabolism and response. Although there are some isolated reports of CYP2D6 genetic effects on phenotypes outside of drug response, 6,7 these findings have not been consistently reproduced in other studies.
Other considerations
Modification of the predicted phenotype by drug interactions. CYP2D6 metabolizer phenotype may be altered in a patient who is taking drugs that inhibit CYP2D6 activity. A list of CYP2D6 inhibitors can be found at http://medicine.iupui.edu/clinpharm/ddis/ Classifying patients with an activity score of 1.0 as extensive metabolizers in this guideline is based on data specific for formation of morphine from codeine in these patients. 12 • DrugInteractionsLabeling/ucm093664.htm#classInhibit).
Borges et al. demonstrated that incorporating the impact of drug interactions with CYP2D6 inhibitors improves the ability of the activity score to predict the extent of tamoxifen metabolism by CYP2D6. 4 For patients on strong inhibitors, the CYP2D6 activity score is adjusted to 0, and the predicted phenotype is a poor metabolizer. For patients who are on weak or moderate CYP2D6 inhibitors, the activity score is multiplied by 0.5 and then converted to the predicted phenotype. 4 CYP2D6 does not appear to be induced by any medications; however, there are limited data showing that CYP2D6 enzyme activity increases during pregnancy (see Supplementary Data online for further discussion).
DRUG: CODEINE Background
Codeine is an opioid analgesic indicated for the relief of mild to moderately severe pain. The analgesic properties of codeine stem from its conversion to morphine and morphine-6-glucuronide because codeine has a 200-fold weaker affinity for µ-opioid receptors than does morphine. 8, 9 Both codeine and morphine also have antitussive properties. O-Demethylation of codeine into morphine by CYP2D6 represents a minor pathway in extensive metabolizers, accounting for 5-10% of codeine clearance in such individuals, but is essential for its opioid activity (Figure 1) . The percentage of codeine converted to morphine can be much higher in ultrarapid metabolizers and can be affected by drug interactions. 10 Morphine is further glucuronidated to morphine-3-glucuronide and morphine-6-glucuronide. Morphine-6-glucuronide is known to have analgesic activity in humans, whereas morphine-3-glucuronide is generally not considered to possess analgesic properties. About 80% of an administered dose of codeine is converted to inactive metabolites by (i) glucuronidation to codeine-6-glucuronide via uridine 5′-diphosphate glucuronosyltransferase-2B7 and (ii) N-demethylation to norcodeine via CYP3A4. The analgesic activity of codeine-6-glucuronide in humans is unknown, and norcodeine is thought to have no analgesic properties. 9 Common adverse reactions to codeine include nausea, vomiting, drowsiness, light-headedness, dizziness, sedation, shortness of breath, constipation, and itching. Serious adverse reactions include respiratory depression and, rarely, circulatory depression, respiratory arrest, shock, and cardiac arrest.
The association of CYP2D6 metabolizer phenotype with the formation of morphine from codeine is well defined. Pharmacokinetic and pharmacodynamic studies show a decrease in morphine levels and a decrease in analgesia in poor metabolizers receiving codeine as compared with extensive metabolizers. 11, 12 A decreased incidence of gastrointestinal side effects (i.e., constipation) was reported in poor vs. extensive metabolizers, 13 whereas a later study by the same group of investigators found that central side effects (e.g., sedation, nausea, and dry mouth) did not differ between poor and extensive metabolizers. 11 By contrast, pharmacokinetic studies show increased conversion of codeine to morphine in CYP2D6 ultrarapid vs. extensive metabolizers, 14 which can result in toxic systemic concentrations of morphine 10 even at low codeine doses. However, it should be noted that there is a large amount of variability within the patients genotyped as extensive metabolizers, 14 and it is possible that some of these subjects may develop symptoms similar to those of patients genotyped as ultrarapid metabolizers. 15 The genomic or environmental mechanisms causing considerable variation among individuals with the same diplotype are unknown. Case reports detail the occurrence of severe or lifethreatening side effects following standard doses of codeine in ultrarapid metabolizers. 10, 16, 17 This guideline recommends using alternative analgesics to codeine in patients who are CYP2D6 poor or ultrarapid metabolizers. It is important to recognize that in addition to codeine, several other opioids are metabolized, at least in part, by CYP2D6. The opioids tramadol, hydrocodone, and oxycodone are O-demethylated by CYP2D6 to O-desmethyltramadol, hydromorphone, and oxymorphone, respectively. 18, 19 Tramadol. Tramadol, in its available racemic form, is extensively metabolized via a number of pathways, including CYP2D6-mediated oxidation to O-desmethyltramadol, which has a 200-fold greater affinity for µ-opioid receptors as compared with the parent drug. 8, 20 Thus, (+)-O-desmethyltramadol is principally responsible for opioid receptor-mediated analgesia, whereas (+)-and (−)-tramadol contribute to analgesia by inhibiting reuptake of the neurotransmitters serotonin and noradrenaline. CYP2D6 poor metabolizers have been shown to have much lower median plasma areas under the concentration-time curve for the active metabolite after a dose of tramadol as compared with extensive metabolizers. 18 In addition, several prospective clinical trials have shown that, as compared with CYP2D6 extensive metabolizers, poor metabolizers more often fail to exhibit analgesia in response to tramadol. 18, 20, 21 Pharmacokinetic studies in ultrarapid metabolizers showed higher peak plasma concentrations of (+)-O-desmethyltramadol after a dose of tramadol, in addition to greater analgesia, stronger miosis, and higher incidence of nausea as compared with extensive metabolizers. 22 On the basis of this evidence, it is likely that tramadol may have reduced clinical efficacy in CYP2D6 poor metabolizers.
Hydrocodone. Hydrocodone is biotransformed by CYP2D6 into hydromorphone, which has a 10-to 33-fold greater affinity for μ-opioid receptors as compared with the parent drug. Poor metabolizers as compared with extensive metabolizers have lower peak concentrations of hydromorphone after a dose of hydrocodone; 23 however, CYP2D6 metabolizer status does not appear to affect response to hydrocodone. 23, 24 Currently, there is no information on the pharmacokinetics of hydrocodone in CYP2D6 ultrarapid metabolizers. Thus, there is insufficient evidence to conclude whether poor metabolizers can be expected to have decreased analgesia or whether ultrarapid metabolizers have an increased risk of toxicity with normal doses of hydrocodone.
Oxycodone. Approximately 11% of an oxycodone dose is O-demethylated by CYP2D6 to the minor metabolite oxymorphone, which has a 40-fold higher affinity and 8-fold higher potency for µ-opioid receptors as compared with the parent drug. 8, 25 CYP2D6 poor metabolizers have been shown to have lower peak concentrations of oxymorphone after a dose of oxycodone as compared with extensive metabolizers. 26, 27 However, conflicting data exist on the association of CYP2D6 metabolizer phenotype with the analgesic effect and toxicity of oxycodone in prospective clinical studies. Differential analgesic response to experimental pain was observed between extensive metabolizers and poor metabolizers, as well as between ultrarapid metabolizers and extensive and poor metabolizers in two studies in healthy volunteers. 28, 29 However, clinical studies in postoperative patients and in cancer patients failed to demonstrate a significant difference in analgesia or side effects of oxycodone across CYP2D6 phenotypes. 26, 27 Physiological alterations (e.g., miosis) after dosing with oxycodone correlate best with exposure to the parent compound. 19 Due to these conflicting data, it is difficult to conclude whether CYP2D6 metabolizer phenotype affects oxycodone analgesia or risk of toxicity.
The differences in reported associations of CYP2D6 phenotype with hydrocodone and oxycodone analgesia as compared with that of codeine may be due to differing relative roles of the parent drug and the circulating metabolites in analgesia among these CYP2D6 substrates. 19 
Linking genetic variability to variability in drug-related phenotypes
There is substantial evidence linking CYP2D6 genotype to variability in codeine efficacy and toxicity (Supplementary Table S6 online). Decreased codeine analgesia has been observed in poor metabolizers, whereas severe or life-threatening toxicity following normal doses of codeine has been documented in ultrarapid metabolizers. This body of evidence, rather than randomized clinical trials involving pharmacogenetic testing, provides the basis for the therapeutic recommendations in Table 2 . Table 2 summarizes the therapeutic recommendations for codeine based on CYP2D6 phenotype. A standard starting dose of codeine, as recommended in the product label, is warranted in patients with an extensive metabolizer phenotype (i.e., 
Therapeutic recommendation

Strong
Alternatives that are not affected by this CYP2D6 phenotype include morphine and nonopioid analgesics. Tramadol and, to a lesser extent, hydrocodone and oxycodone are not good alternatives because their metabolism is affected by CYP2D6 activity; these agents should be avoided. b,c a Rating scheme is described in Supplementary Data online. b There is substantial evidence for decreased efficacy of tramadol in poor metabolizers and a single case report of toxicity in an ultrarapid metabolizer with renal impairment following tramadol use postsurgery. Use of other analgesics in CYP2D6 poor and ultrarapid metabolizers may therefore be preferable. 18,20,21 c Some other opioid analgesics, such as hydrocodone and oxycodone, are metabolized by CYP2D6. To avoid treatment complications, opioids that are not metabolized by CYP2D6, including morphine, oxymorphone, buprenorphine, fentanyl, methadone, and hydromorphone, along with nonopioid analgesics, may be considered as alternatives for use in CYP2D6 poor and ultrarapid metabolizers.
• a CYP2D6 activity score of 1.0-2.0). Likewise, a standard starting dose of codeine is warranted in patients with an intermediate metabolizer phenotype (i.e., activity score of 0.5); these patients should be monitored closely for less-than-optimal response and should be offered an alternative analgesic if warranted. If the CYP2D6 substrate tramadol is selected as alternative therapy in intermediate metabolizers, therapy should be monitored closely due to the possibility of poor response.
If clinical genotyping identifies a patient as a CYP2D6 poor metabolizer (i.e., activity score of 0), current evidence supports the avoidance of codeine and the use of an alternative analgesic due to the possibility of lack of effect. Use of an analgesic other than the CYP2D6 substrates tramadol, hydrocodone, or oxycodone in poor metabolizers may be preferable. There is insufficient evidence in the literature to recommend a higher dose of codeine in poor metabolizers, especially considering the evidence that select adverse effects do not differ between poor and extensive metabolizers. 11 In a patient identified as a CYP2D6 ultrarapid metabolizer (i.e., activity score of >2.0), the choice of another analgesic should be made to avoid the risk of severe toxicity with a "normal" dose of codeine.
To avoid treatment complications, opioids that are not metabolized by CYP2D6, including morphine, oxymorphone, buprenorphine, fentanyl, methadone, and hydromorphone, 30 along with nonopioid analgesics, may be considered as alternatives for use in CYP2D6 poor metabolizers and ultrarapid metabolizers based on the type, severity, and chronicity of the pain being treated.
Other considerations
Other genes affecting codeine metabolism and response. Other genes affect the metabolism and response to codeine. See Supplementary Data online for more information.
Pediatrics. Functional CYP2D6 activity is not appreciably expressed in fetal liver but increases rapidly after birth. 31 These in vitro data, together with in vivo data obtained from a longitudinal phenotyping study conducted in the first year of life, 32 reveal considerable interindividual variability in CYP2D6 activity within the first 2-4 weeks of life. In the neonatal setting, both ontogeny and genetic variation contribute to interindividual variability in the disposition of CYP2D6 substrates and are consistent with functional CYP2D6 activity being acquired concurrently with the maturation of other systems, such as renal function. 33 Overall, available data are consistent with genetic variation being more important than ontogeny as a determinant of variability in CYP2D6 activity beyond the first month of postnatal life. Therefore, CYP2D6 genotype is expected to be equally reliable for inferring phenotype from genotype in children as in adults. Codeine is not recommended in children less than 2 years of age but presumably would carry additional dangers in neonates and young children who are ultrarapid metabolizers. 17 Breastfed infants. Codeine and its metabolites, including morphine, are secreted into human breast milk, but the amount is typically low and dose dependent. However, breastfeeding women with an ultrarapid metabolizer phenotype may achieve high serum concentrations of morphine on standard codeine therapy. 34 This may lead to high levels of morphine in breast milk and dangerously high morphine exposure in their breastfed infants. 35 Notably, a fatal opioid poisoning in a breastfed neonate from an ultrarapid metabolizer mother receiving codeine has been described. 36 Case reports such as this prompted the FDA and regulatory agencies in the United Kingdom and Canada to change the codeine product label to address the increased risk of morphine overdose in breastfed infants whose mothers are taking codeine and are ultrarapid metabolizers. However, a recent study demonstrated that the use of postpartum safety guidelines can improve the safety of codeine exposure in breastfed infants regardless of their CYP2D6 genotype. 37 Nevertheless, caution should be used when prescribing codeine to a breastfeeding woman with an ultrarapid metabolizer status.
Use of codeine after tonsillectomy with or without adenoidectomy.
In August 2012, the FDA 38 distributed a safety announcement that warned about codeine use in children, particularly following tonsillectomy with or without adenoidectomy for obstructive sleep apnea. The announcement followed reports of codeine-related deaths 15, 17 and serious adverse drug reactions 39 after tonsillectomy in young children and specified that the risk for breathing problems and death may be increased in children who are ultrarapid metabolizers. In February 2013, the FDA announced its strongest and new black box warning against codeine use to manage postoperative pain in children following tonsillectomy with or without adenoidectomy. 40 This warning was in response to further FDA review of the codeinerelated deaths and serious adverse drug reactions. The FDA warning is applicable to all children undergoing tonsillectomy with or without adenoidectomy irrespective of their obstructive sleep apnea status or CYP2D6 genotype/phenotype. 40 
POTENTIAL BENEFITS AND RISKS FOR THE PATIENT
The potential benefit of CYP2D6 genotype testing is that patients with genotypes that confer a higher risk of ineffective analgesia or of an adverse event may be identified and an alternative analgesic may be administered. CYP2D6 genotyping is reliable when performed in qualified laboratories. However, as with any laboratory test, a possible risk to the patient is an error in genotyping that could have long-term adverse health implications for the patient.
CAVEATS: APPROPRIATE USE AND/OR POTENTIAL MISUSE OF GENETIC TESTS
Rare CYP2D6 variants may not be included in the genotype test used, and patients with rare variants may be assigned a "wild-type" (CYP2D6*1) genotype by default. Thus, an assigned "wild-type" allele may, in rare cases, harbor a loss-of-function variant resulting in inadequate pain response to codeine. Like all diagnostic tests, that for CYP2D6 genotype is one of multiple pieces of information that clinicians should consider in guiding their therapeutic choice for each patient. Furthermore, there are several other factors that cause potential uncertainty in the genotyping results and phenotype predictions. These are discussed in detail in the Supplementary Data online.
SUPPLEMENTARY MATERIAL is linked to the online version of the paper at http://www.nature.com/cpt DISCLAIMER Clinical Pharmacogenetics Implementation Consortium guidelines reflect expert consensus based on clinical evidence and peer-reviewed literature available at the time they are written and are intended only to assist clinicians in decision making and to identify questions for further research. New evidence may have emerged since the time a guideline was submitted for publication. Guidelines are limited in scope and are not applicable to interventions or diseases not specifically identified. Guidelines do not account for all individual variations among patients and cannot be considered inclusive of all proper methods of care or exclusive of other treatments. It remains the responsibility of the health-care provider to determine the best course of treatment for a patient. Adherence to any guideline is voluntary, with the ultimate determination regarding its application to be made solely by the clinician and the patient. CPIC assumes no responsibility for any injury to persons or damage to persons or property arising out of or related to any use of CPIC's guidelines, or for any errors or omissions.
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